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Abstract
Self-Organization of Protein Fibers in Weightlessness
by Dylan Bell
Thesis Advisor: Samuel T. Durrance, Ph.D.

It is currently hypothesized and widely believed that the growth of self aggregating protein chains such as amyloid fibers has a direct e↵ect on the function of
the human brain. We hypothesized creating self-assembling protein in weightlessness
would allow the aggregation to continue for a longer period of time in solution without sedimentation. When protein de-natures and self-organizes into amyloid fibers
the e↵ect can be detrimental. Some neurodegenerative diseases, such as Alzheimer’s
and Dementia, are believed to be caused by the collection of these fibers made from
proteins such as tau and amyloid- . For the purpose of this experiment, lysozyme is
employed as a protein that has been shown to replicate the aggregation morphologies
shown by tau and amyloid-

in the brain under certain conditions. For this exper-

iment lysozyme is incubated with a concentration of 20 mg/ml at 55 C and pH 2.5
in a glycine-HCl bu↵er solution. During the experiment reliable materials and methods are found for lysozyme protein fiber creation and documented. This method is
replicated in weightlessness on the International Space Station (ISS). The construction of two identical NanoLabs, one sent to the ISS and one setup in the laboratory at
Florida Tech, was necessary to test the changes weightlessness has on the initial stages
of protein aggregation. The flight experiment and the observed physical changes of
fibers formed in weightlessness are discussed in detail. The results of weightless fiber
formation showed di↵erences in morphology and inhibition of assembly rate. Data
analysis is presented with observations, conclusions from the research conducted, and
implications for future improvements on the experimental model to refine results.
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Chapter 1
Introduction
When protein aggregates and forms clumps inside the human brain, such clumps are
believed to be a major part in many di↵erent types of diseases named amyloidosis.
Examples of such neurodegenerative diseases include Parkinson’s, Alzheimer’s and
Dementia. The morphology of protein aggregation has been studied quite extensively
and appears to fall under two categories; globular structures or the protein chained
together to form fibers in an amyloid structure. One such study, SABOL (Self Assembly in Biology and the Origin of Life), is being conducted at FIT (Florida Institute of
Technology) on an ongoing basis. This study provides both the background and the
impetus for the experiments described in the following paper.
Basically, protein aggregation occurs when protein monomers unfold and begin
to accumulate spontaneously. This process may be a↵ected by several factors including
the pH level and temperature of the bu↵er solution in which the monomers are found.
The conditions and procedures used here were selected to assure that fiber formation
would proceed through all phases of the process within about 30 days (the ISS time
alloted).

1

Lysozyme protein aggregation has been carried out under many di↵erent conditions in the lab until the e↵ects of varying environmental conditions are well understood. However, lab samples are subject to gravity which does not allow the fibrous
structures to continually form. Once the fibers become large enough they are more
dense than their surrounding fluids and the fibers tend to sink to the bottom of any
container within which they form. When they reside at the bottom of the vial or container these structures form a gel at an increased rate due to collisions and interweaving
which tends to halt the fibers growth. The experiment was sent to the International
Space Station (ISS) and performed in weightlessness. This setting was chosen to establish conditions that allow these amyloid fibers to grow for longer periods of time
and create more complex structures. This gives us a more complete understanding of
these amyloid fibers and how varying conditions a↵ect their growth patterns.
Before the launch of the SpaceX CRS-5 (Commercial Resupply Services) mission
to the ISS and the creation of the two NanoLabs, 4x4x6 inch autonomous labs, all
preparation and incubation was done in test tubes and microcentrifuge tubes described
in section 2.1 of this document. Two NanoLabs were created exactly the same way
with every piece and function being the same. See section 3.2 to understand the
preparation process. One was sent to the ISS and the other stayed on the surface of
the Earth. These are labeled the weightlessness setting (ISS) and the ground control
setting (GC) located in the Kennedy Space Center (KSC) laboratory at Florida Tech.
This was done to limit the number of inherit variables between the two experiments.
The only variable that changes between the two units is a fraction of gravity and a
weightlessness setting. Within this extreme environment of weightlessness the hope
was to allow the lysozyme fibers to grow for longer periods of time without settling to
the bottom of the vials.

2

1.1

Background

In biology the study of self-organizing or self-assembling processes is of general interest
and is of particular interest to the origin of life research. Numerous chemical or biological systems can undergo a self-organization process that produce complex products
with properties that previously were not present. The self-assembly process addressed
in this study involves the growth of long, linear protein fibers directly from a solution
of the individual proteins. Figure 1.1 shows atomic force microscope (AFM) images of
the early and late stages of the growth of long thin fibers from a solution of lysozyme
proteins (Woodard et al., 2014). The growth of lysozyme fibers has been well studied
in the laboratory; it provides a model for the study of this self-assembly process.

Figure 1.1: AFM images of lysozyme aggregation showing advanced stages of the
amyloid fiber formation process (Woodard et al., 2014). Left: Shows the merging of
fibers into a helix configuration as indicated by the two arrows. Right: The gravitational settling of fibers creates a tangled interlocking network preventing fibers from
rotating and halting helix formation.

This self-assembly process may also have implications in Alzheimer’s disease
research. Postmortem studies of the neurons taken from victims of Alzheimer’s disease
show an accumulation of fibers composed of either Tau proteins or Amyloid- peptides
3

(Shankar et al., 2008). Both Tau and Amyloid- have been shown to self-organize in
solution through colloidal interactions (Rochet and Lansbury, 2000). It is not clear
whether amyloid deposits are the cause or a symptom of the disease or whether they will
form in vivo the same way they form in vitro, but it is clear that a better understanding
of the colloidal (small particle or nucleation unit nanometers in size) formation process
will greatly benefit neurodegenerative disease research.
Observations provide substantial evidence that colloidal interactions are critical
to the in vitro formation of amyloid fibers, as shown in figure 1.2 (Xu et al., 2010). The
left image shows Lysozyme protein aggregation and the right image shows Tau protein
aggregation. Initially small colloidal particles are seen to form. This phenomenon is
well established in colloidal chemistry and is responsible for the formation and stability
of many monodispersed colloids. While protein molecules have unique biological properties, they are also subject to colloidal interactions (Irvine et al., 2008). As growth
progresses, the colloidal particles join together in a type of chain-of-beads configuration to produce long linear fibers. The mechanisms for this linear growth phase are
not well understood and provide motivation for further study from this research.
Understanding the colloidal chemistry and biochemistry of amyloid fiber formation may lead to strategies for controlling the process such as manipulation of the zeta
potential (electrokinetic potential in colloidal interactions) with ions or amphipathic
molecules (have both hydrophilic and hydrophobic parts), changes in temperature and
pH, or introducing molecules that create steric hindrance (inhibition of chemical reaction due to molecular size). It may be possible to inhibit or accelerate amyloid fiber
formation. However, detailed structural information for the fibers has been difficult
to determine. In the laboratory, amyloid fibers growing in solution are subjected to
gravitational settling. Agitation sufficient to keep them suspended often results in
fiber breakage or in a network of fibers adhering together in random orientations.
4

Figure 1.2: AFM and TEM images (Xu et al., 2010) of lysozyme and tau protein
solutions showing linear fibers. Left: An AFM image of a lysozyme aggregation after
one week of incubation. (a) nucleation units (b) fiber (c) multiple fibers wrapped
around each other (d) globular aggregate (e) protein background layer, can be removed with higher dilutions. Right: A TEM image of a tau aggregation after one
day of incubation. This clearly shows the similarity of the fiber growth process.

1.1.1

Fiber Formation Model

In order to e↵ectively study this protein self organization process a model is needed
to provide a physical description. Hen egg lysozyme is a globular protein with a
well-defined native structure largely composed of ↵-helix and

-sheet; it serves as a

model for amyloid aggregation. The optimal methods for lysozyme preparation, fiber
formation, and fiber characterization are well understood. Acid conditions (pH =
2.5) (Burnett et al., 2014) are required to partially unfold the molecule and expose
hydrophobic domains, rendering it susceptible to aggregation. At this pH, lysozyme
has a charge of approximately +16 Coulombs resulting in a strong coulomb repulsion
that inhibits aggregation (Boström et al., 2006). This is overcome by heating the
sample to 55 C to increase Brownian motion and incubating it at this temperature for
up to 30 days.

5

Amyloid fibers suspended in solution are free to rotate and can wrap around each
other in a spiral fashion, a process called helix formation. Figure 1.1 shows lysozyme
fiber formation for two di↵erent incubation times; the incubation time for the left
image is shorter than the right image by several days.
The left image shows two cases, indicated with arrows, where lysozyme fibers are
forming helical pairs. Helix formation has been observed in the early stages of fiber
self-organization; however, it stops when fibers become bound into a network and can
no longer rotate as shown in the right image. As the fibers settle out of solution they
form a tangled network of fibers as shown in the right image. Growing amyloid fibers
in weightlessness will allow the fibers to remain suspended in solution without fluid
shear or agitation, and should allow them to remain distributed within the solution
as they form. This may permit helix formation to continue beyond the higher order
fibers seen in ground control studies, to form larger composite fibers.
Study of self-organizing processes such as protein aggregation and Amyloid fiber
formation will greatly benefit from experiments conducted in weightlessness. This
benefit should lead to further development in the science of self-organizing processes. It
may also benefit research into the cause and cure of several neurodegenerative diseases,
especially Alzheimers disease.

1.2

ISS Experiment

To carry out this research in weightlessness, an experiment was developed to grow
lysozyme protein fibers on ISS. The optimal methods for lysozyme preparation, fiber
formation, and fiber characterization are well understood (Burnett et al., 2014; Hill
et al., 2011; Woodard et al., 2014). The duration of the experiment scheduled on the
ISS was for 30 days. The growth of lysozyme proceeds through several steps in the fiber
6

(a) NanoRack in which
NanoLab attaches inside (b) The ISS (location of
ISS
flight project)

(c) SABOL NanoLab autonomous experiment

Figure 1.3: The tools used and the setting in which the extreme condition of
weightlessness used on the ISS

formation process. To see all the stages of fiber growth within the 30 days we chose
certain conditions (pH of 2.5, temperature of 55 C) and concentrations (20mg/ml of
lysozyme). The conditions stated in section 1.1.1 are duplicated in weightlessness.
A primary goal of the SABOL program is to develop a capability with enough
flexibility to study di↵erent types of protein fiber formation in weightlessness. The
SABOL experiment is housed within a NanoRacks 1U volume as shown in Figure 1.3c
1 2

. It consist of a 3x3 array of 9 vials, a custom shell, a support structure for the

vials, and a USB interface. The vial actuation and incubation process needed to be
completely automated. With a limited amount of space within the NanoLab, 9 vials
were the maximum number of vials that could fit inside the 1U NanoLab shell. The
NanoRack’s system provides a mounting structure within an Express Rack locker on
ISS, and a USB interface for the NanoLab modules 1.3a.
One of the challenging aspects of the SABOL experiment was how to keep the
lysozyme powder separated from the bu↵er solution until it is time to start the incubation period on orbit, while also keeping the complete vial system sealed at all times.
The vials themselves and all the internal components are made out of polypropylene.
1

i66.servimg.com/u/f66/14/66/51/54/nanora10.jpg
upload.wikimedia.org/wikipedia/commons/0/04/International_Space_Station_after_
undocking_of_STS-132.jpg
2
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Chapter 2
Laboratory Methods and Results

2.1

Materials and Methods

The materials used in this experiment were selected to assure that all phases of the
fiber growth processes are completed in about 30 days(Burnett et al., 2014; Hill et al.,
2011). Protein powder (Hen egg Lysozyme) is added to an acidic bu↵er solution (pH
2.5) made from glycine and HCl (Hydrochloric acid). This combination of ingredients is
then placed inside of an oven to incubate at 55 C. Once protein aggregation has created
these amyloid fibers, allowing time for further incubation, more complex structures
begin to appear. These fibers tend to wrap around each other like rope to create
larger twisting fibers. These fibers have a tendency to be helical in nature and could
be a key indicator of cross- sheet formation. Once the protein has incubated for at
least one week longer within the bu↵er solution a gel begins to form. This gel consists
of a continuous network of interweaving fibers which suspends the liquid around it.
If this type of gel formation occurs in the human brain it may hinder transportation
of essential nutrients and the evacuation of natural waste, damaging cells (Ili↵ et al.,
2012).
8

In general laboratory materials and methods for the growth of lysozyme fibers
are described in (Woodard et al., 2014). To prepare for the flight experiment a number
of tests were performed to insure that all phases of fiber growth were present in the
available incubation periods of the flight samples. A bu↵er solution was prepared
with 10 mM glycine in DI water, titrated to pH 2.5 with HCl. We found the anion
concentration from the acid to be critical; to ensure uniformity across samples, the
titration was performed in 1 liter of stock bu↵er solution prior to the addition of
lysozyme; the final HCl concentration was approximately 36 mM. Bu↵er was also
prepared with three levels of NaCl at concentrations of 0mM, 30 mM, or 150 mM.
Test tubes of 10 ml in size were filled with the di↵erent NaCl concentration stock
bu↵er solutions. Lysozyme (BSG, Napa, CA) at a concentration of 20 mg/ml was
dissolved in the 10 ml of bu↵er solution, inverted several times, and then 1 ml samples
were pippetted into capped 1.5 ml microcentrifuge Epindorf tubes and incubated in
an oven at 55 C. Limited tests were done with higher concentrations of lysozyme and
with agitation at 60 RPM in a Vortemp incubator.
Atomic force microscopy (AFM) slides were prepared from the aggregating protein after various day intervals of incubation times up to 30 days. Samples were
extracted from the Epidorf tubes with a 10µl pipette and applied to slides undiluted
and after several dilutions of up to 1:10,000 with deionized (DI) water. It was found
that diluting amyloid fibers by mixing the suspension with water in a conventional
vortexer resulted in breakage of virtually all fibers longer than approximately 2µm due
to fluid shear. For this reason dilution was performed by the following procedure: For
each dilution the tube was gently inverted several times to suspend colloids and 100
microliters was extracted from the center of the tube with a pipette and added to 900
microliters of DI water, and again mixed by tube inversion. Undiluted and diluted
protein samples were preserved at 4 C.

9

It was difficult to draw gels accurately into a standard pipette due to their increased viscosity. We found by AFM observations that this also resulted in extensive
fiber breakage, apparently due to fluid shear as the gel was drawn through the small
orifice of the pipette. Consequently, when pipetting fibers and/or gels, the tips of the
pipettes were first cut o↵ to enlarge the orifice diameter to 1 mm.
To prepare AFM slides, 10µl of 0.01N (normal) NaOH was applied to freshly
peeled mica to precharge the substrate. After two minutes 10µl of the sample was
applied to the substrate at the same location. After an additional 10 minutes the
sample was gently rinsed with 2 ml of DI water by allowing the water to flow slowly
over the substrate in a Petri dish to remove salts and proteins that were not bound to
the substrate. The water was then drained and any droplets adhering to the substrate
were removed with a tangentially applied jet of nitrogen gas. The slide was dried for
at least 2 hours at 55 C.
Samples were imaged with a Molecular Imaging Picoscan Plus AFM in contact
mode, using standard long thin-leg Veeco DNP silicon nitride cantilevers. Vertical
and horizontal measurements were calibrated and measured with a 20 nm and 200 nm
vertical step calibrators. AFM tip radius was typically about 10 nm, tips with radius
greater than 30 nm due to breakage and frictional overuse were replaced. Topographic
images were used to demonstrate three-dimensional structure and for dimensional measurements.
In contact-mode AFM the width of structures smaller than the AFM tip can be
greatly exaggerated by convolution. A circular fiber of height around 2-3nm, smaller
then the radius R of the AFM tip, will have an apparent width of around 20nm.
This width is exaggerated due to the width of the cantilever tip. Consequently we
used height rather than width as a measure of the diameter of particles and fibers.
Measurement of the length of fibers is not a↵ected because they are much larger than
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the AFM tip. The lengths can be measured inside the Picoview software when the
fibers are short enough to be within the image FOV.

Figure 2.1: Group of images showing the di↵erence of helicity of protein bu↵er
solutions incubated with di↵erent concentrations of NaCl (A) 0mM NaCl, (B) 50mM
NaCl, (C) 150mM NaCl (Woodard et al., 2014).

Amyloid fibers often display a helical or twisted-ribbon morphology; in the case
of primary lysozyme fibers this takes the form of a simple open helical spiral, similar
to a stretched spring as shown in Figure 2.1. When a fiber is bound horizontally
to a substrate and viewed from above by AFM this helix has the appearance of a
sinusoidal curve. We examined many fibers in a set of images to see if it consisted of
at least two consecutive sinusoidal cycles of equal period and amplitude; if it did so
it was considered helical. A fiber of comparable length with no sinusoidal curves was
considered linear. Fiber helicity is e↵ected by NaCl concentration such that the higher
concentration of NaCl the less helical the fibers that form are, and the day at which
fiber begin to form is less consistent. A NaCl concentration of 0mM was selected for
the flight experiment because of these reasons. As a result of these tests the flight
samples were selected to use the stock bu↵er solution of 10mM glycine, 0mM NaCl,
and 36mM HCl with a 20mg/ml concentration of lysozyme introduced at the scheduled
times of vial incubation.
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2.2

Lessons Learned

Several lessons have been observed during the course of conducting this experiment
many times. One of these concerns flawed cryopreservation techniques and certain
preparation methods. Cryopreservation damages protein fibers rather than preserve
them due to the formation of ice crystals (Simione, 2009; FAO, 2012). This was observed while trying image a sample that had been previously frozen for preservation.
In this sample, the lysozyme protein fibers were fractured and sheared into smaller
segments instead of being micrometers long as normally occurs. Similar uniform destruction of the long fibrous protein structures occurred when pipetting the solution
after incubation. If the opening to the pipette tip is too small the solution with fibers
(or Gel) in it is forced up the pipette tip too fast when extracting the solution from the
vial. This leads to deformed and destroyed fibers. Also vortexing the solution (to mix
it) before pipetting destroys the fibers. Even though these amyloid fibers are resilient
enough to be imaged several times with an AFM cantilever, they are not capable of
keeping their full fibrous structure when handled without care.
The container material in which the lysozyme aggregation occurs seems to have
an e↵ect on fiber formation. We went through several materials for the structure of the
vials. The material needed to be easy to machine. It needed have good enough thermal
conductivity to heat the bu↵er solution inside the vial to 55 C. It needed to be resistant
to reactions with the acidic bu↵er solution. We initially tried stainless steel for the vial
and brass for the top bushing, this resulted in a reaction with the bu↵er and no fibers
were created. We knew fibers formed inside of polypropylene Eppendorf tubes, so our
next trial was to create all the vial parts out of plastic Delrin (Polyoxymethylene)
because its thermal properties and ease of machining. This also failed to create fibers
after 30 days of lysozyme protein incubation for unknown reasons. The last material
we used, which was successful, was polypropylene. This is the same material the
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Eppendorf tubes are made from, but we did not initially use it because it is difficult to
machine. Other materials in the future, hopefully easier to machine, for the creation of
these vials/incubation chambers will continue to be tested. Other imaging techniques
could be used to image these amyloid fibers to receive a better understanding of the
fiber morphology. Techniques such as transmission electron microscopy (TEM) have
been shown to be e↵ective ways to view lysozyme (Takai et al., 2014).
Regular temperature measurements inside the solution were needed to provide
data to the temperature control system. In order to do this a thermocouple was
installed protruding through the center of the floating piston into the interior of the
vial were the solution would be incubating. The thermocouple was teflon coated and
held in position with epoxy. Several epoxy brands were considered until a chemically
inert one was found. The thermocouple was epoxied to the floating piston. Once dry
this floating piston and thermocouple were tested with the bu↵er solution. Over a few
days the epoxy seemed to melt away because of the bu↵er solution, this made it so
that the thermocouple was no longer secure and the seal was no longer air tight. No
fibers formed in this test either.
The floating piston at the bottom of the vial was given a small polypropylene
cap so that the thermocouple could be inserted very close to the bu↵er solution and
still measure the internal temperature. This is shown at the bottom of Figure 3.2. In
the final design every piece of the vial in contact with the bu↵er solution was made
out of polypropylene.
Each piece of the vial was initially ultrasonically cleaned and then wiped down
with alcohol before drying. This cleaning method was tested and shown to not interfere
with the protein self assembly process.
Several greases (or lubricants) were tested for application on to the o-rings and
the x-rings. These lubricants would reduce the static friction enough to allow the
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stepper motor to push the loading piston into the bu↵er solution and in turn moving
the solution and floating piston downward as needed. Some of the lubricant comes in
contact with the bu↵er-protein solution during incubation and therefore needed to be
tested to see if it hindered the self assembly process. Several lubricants were tested
until one brand (Krytox RFE PFPE) was found to be chemically inert to our solution.
For completeness we also tested the geometry of the interior vial and whether or
not it had an a↵ect on the self assembly process of the protein. We found there were
no significant di↵erences during our experiments.

2.2.1

Roles and Responsibilities

SABOL is a multi-departmental group that builds o↵ of previous work and uses resources in several laboratories. Everyone in the group has their role and responsibilities.
The ideal concentrations of chemicals and pH of the bu↵er solution was a group e↵ort
from the Biology Department and our KSC lab in the Physics and Space Sciences
Department (Woodard et al., 2014; Burnett et al., 2014). The College of Engineering
with the group of students and interns listed in the acknowledgments had the role of
constructing the vials and the NanoLabs that allow actuation, incubation, and data
collection. Many prototypes had to be made and tested. The testing for protein aggregation occurred in the our KSC lab in the Physics and Space Sciences department.
Once the desired bu↵er solution was selected a stock bu↵er solution that could be used
for all testing was produced. Several vial materials were tested until one was found
to be inert with the bu↵er solution. Sample preparation, incubation and imaging on
the AFM was conducted in the Florida Tech Physics and Space Sciences KSC lab.
Every new sample, when incubating at 55 C to test some method or material, would
have to stay in the oven for long periods of time, sometimes up to 60 days. The imaging process is very slow and is needed to see the fiber formation process. Using the
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AFM images we decided what decisive actions needed to be done next. Because of
the amount of time the imaging process takes two undergrads were asked to join the
group and I taught them how to use the AFM to speed up qualitative and quantitative
analysis of the amyloid protein fibers. Many meetings were held over several years and
the design, creation, and analysis of the SABOL NanoLab experiment has been a large
group e↵ort.

2.3

Atomic Force Microscope

There are many types of AFM but in general they all have a cantilever with a tip or
probe at the end. This cantilever is used to scan a particular substrate in a raster
pattern. When the tip gets close to a sample, contact forces can be detected as a
deflection of the cantilever. The forces the cantilever tip registers as it approaches a
particle can be explained by the Lennard-Jones potential shown in Figure 2.2 3 . For
our experiment we use ‘contact mode’ for the cantilever-sample distance. This mode
places the cantilever at a constant height above the sample close enough to where it
feels the repulsive force due to the exchange force resulting from the Pauli Exclusion
principle (Seo and Jhe, 2008).
A laser is pointed at an angle toward the back of the cantilever and reflected
into a quadrant photodiode detector. When deflection occurs the reflected laser light
changes its location on the quadrant photodiode array detector. As the intermolecular
force between the cantilever tip and the sample changes, the tip head moves up or
down to keep the laser light centered on the quadrant photodiode detector as seen in
Figure 2.3 4 . Thus as the tip is rastered across the sample a topographical contact force
3

http://www.cmbi.ru.nl/redock/images/LennardJones.png
en.wikipedia.org/wiki/Atomic_force_microscopy#mediaviewer/File:Atomic_force_
microscope_block_diagram.svg
4
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Figure 2.2: The Lennard-Jones potential which explains the forces felt by the
cantilever as it approaches a biological sample.

map is created. This allows the AFM to create a topographic image of the surface
and any sample on top of it while also creating a deflection image. An AFM can
operate in many di↵erent modes but in general the contact and tapping modes are
the most popular. Contact mode was used for all of the topographic and deflection
images seen here. Topographic images are produced from spatial variations of the
cantilever deflection, while the deflection image is generated from the gradient of zmotion which is in response to these forces and the cantilever attempting to keep a
constant force/height above the sample and substrate. Molecular Imaging Picoscan
Plus is the software used for the AFM to create and study the images. When tapping
mode is used, the cantilever oscillates up and down near its resonance frequency. This
is done by a piezoelectric device attached to the AFM holder (Geisse, 2009).
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Figure 2.3: Basic diagram of how the Atomic Force microscope senses organic
structures on top of a flat substrate to create a topographic image.

The AFM was used to see the changes in di↵erent stages of protein aggregation.
It is used for the majority of the data analysis because it gives an informative view
to the structures including shape, height, texture and alignment. With our AFM
the deflection images are easier to see fiber texture and small changes in height, but
topographic images were used to measure the height of structures in the images.
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Chapter 3
NanoLab SABOL Hardware

3.1

NanoLab Development

The SABOL experiment consists of two NanoLab Modules each with 9 individual
specially developed sample holders or vials. A computer-aided design (CAD) model
showing the layout of the experiment is shown in Figure 3.1. This figure shows the
key components of the SABOL experiment housed within the 1U volume. Shown in
the schematic is a 3x3 array of 9 vials, actuators, aggregation mechanisms used to
introduce the two substances with each other, the custom shell, peak supports for the
vials, polypropylene vials, USB interface, as well as the side and top printed circuit
boards (PCB). The side PCB contains the components used to measure and control
temperature, as well as those to perform the data acquisition while the top PCB
contains the components necessary to implement the actuation.
One of the most challenging engineering aspects of the SABOL experiment was
how to introduce the two substances (bu↵er solution and lysozyme powder) with each
other at specific times during the life of the experiment in a weightless environment.
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Figure 3.1: Final configuration of the NanoLab. Each vial filled with bu↵er solution
and protein powder separated into the loading piston.

Each vial has two separate compartments that are initially isolated from each other
as seen in Figure 3.2. One compartment consists of a tube with a volume of 2.5 ml
that contains 2.5 ml of the bu↵er solution; the other compartment consists of a small
polypropylene loading piston with a slot cut into the side to hold 0.05 g of lysozyme
powder. The aggregation mechanism design, based on dual sealed pistons (sealed by
Perfluoroelastomer o-rings and x-rings), ensures that there is a minimum amount of
unused volume inside the vial thus minimizing the possibilities of air gaps. During ISS
orbital operations, each of the samples were individually activated.
The microcontroller controlled the introduction of the proteins into the bu↵er
solution. Temperature of the solution was measured by a thermocouple attached to the
floating piston. The floating piston has a small polypropylene cap which stuck out into
the solution so that the thermocouple could get a more accurate measurement of the
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Figure 3.2: Cross section of the Polypropylene vials used within the NanoLab with
labels

solution’s temperature. The thermocouples analog signal was converted into a digital
number using two high accuracy Sigma Delta A/D converters that interact with the
microcontroller over an SPI bus, digital conversions were then scaled to a temperature
reading, while compensating for the cold junction with SPI temperature sensors. Using
the temperature readings from the fluid, the microcontroller implemented a closed loop
PID controller on each of the vials to maintain an accurate incubating environment
with the use of NiChrome coils as heating elements, controlled by Darlington transistor
sink drivers. The parameters for the the controller were determined during ground
testing.
In order to obtain a better performance from the temperature controller and
meet the power requirements of the NanoRacks platform, the vials were given several
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layers of insulation. The first layer which is in contact with the polypropylene vial
is graphite mesh, the second layer consisted of Kapton tape, the third layer is Silica
Aerogel for insulation, the fourth layer is Kapton tap again, and the fifth and final
layer was radiation isolation made out of aluminum foil.

Figure 3.3: (Top) Top PC board. (Bottom) Inside and outside side PC board.

Each of the sample holders also has an independent thermal control system with
a thermocouple. When a given sample was activated its temperature was set to the
incubation temperature 55 ± 1.5 C and maintained there by a thermal control system
throughout the incubation period. In this way the aggregation period for all the
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samples is varied from the maximum of 27 days to the minimum of a day or so. The
power available through the USB connectors (2 Watts) was only enough to run 4 vials
at a time so a scheduling strategy was implemented. Vial position 1 would not actuate
and heat up, vial positions 2 through 5 would instantly actuate and heat up to 55 C.
After 15 day vial position 5 would stop heating, then the actuation of vial 9 would
occur followed by the heating for incubation. 3 days later vial position 4 would switch
with vial position 8, followed by in 3 day intervals by vial position 3 for 7 then vial
position 2 for 6. This can clearly be seen by the graph in Figure 4.5.
The o-ring sealing design was implemented to ensure that there was a minimal
chance of leakage from the vials during ISS operations, but also allowed the vials to
be reopened to extract the samples for analysis upon ground recovery. Polypropylene
is also rigid so it will not bend and deform while undergoing the forces of launch and
re-entry. This was important because fibers that formed had to be recovered in order
to perform further testing on these specimens.
On the top of the vials there is an opening where the loading piston is introduced.
This is the piston containing the lysozyme powder in a slot called the filling slot. This
approach ensures that there are minimal preparation steps for the vials and it also
takes away the need for a separate bu↵er tank which saved essential space. This
containment chamber is big enough to hold 0.05 grams of the protein that needed to
be introduced to the 2.5 ml of bu↵er solution.

3.2

Preparation for Spaceflight

Two identical NanoLabs were constructed and prepared in the same way to assure
consistency within the two experimental settings with one operating on orbit and the
other in the laboratory. Appendix A and Appendix B detail the procedures employed
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in the preparation of both NanoLabs. Figures 3.2 and 3.3 show the essential parts and
their respective names. Appendix A and B show a list of procedures that describes
the setup of each NanoLab after the construction of the individual pieces had been
completed. Appendix C shows the necessary preparation for data analysis.

Figure 3.4: Final assembly of the NanoLab before being sealed.
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Chapter 4
The ISS Flight Experiment

4.1

Time Frame and Handling

Nine vials were filled up to 2.5 ml of stock bu↵er solution. Then dry lysozyme protein
powder was placed in the open slot in the loading piston. The loading pistons were
placed inside the bushing sealing o↵ the protein powder; this was then placed at the
top of the vial and carefully used to seal the stock bu↵er solution with no air bubbles.
This was done for each of the nine vials. This was done before vial loading as described
in section B.2
The NanoLab, once fully assembled and placed in a protective travel case, was
picked up on 12 December 2014 and delivered to KSC Cape Canaveral. After some
delays the ISS NanoLab was placed inside the Dragon capsule on top of a SpaceX
Falcon 9 rocket and launched into orbit from Cape Canaveral SLC-40 on 10 January
2015. The Mission was for ISS resupply. The mission duration was planned for about
1 month but ended up lasting 32 days. Table 4.1 describes when the NanoLab was
plugged in and unplugged. Because of the length of time it takes to unload and load
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high priority cargo the NanoLab had to be unplugged from the NanoRack slot early.
The NanoLab was loaded back on the Dragon capsule after being plugged in for 26
consecutive days of operation. The Dragon capsule detached from ISS on 10 February
2015 and splashed down in the Pacific ocean on 11 February 2015.
Table 4.1: NanoLab Procedural Timeline

Action
ISS NanoLab
GC NanoLab
Total Time Elapsed
Plugged In
Jan. 13th 1:22 PM Feb. 10th 4:41 PM
0d 0h 0m
Unplugged
Feb. 8th 7:40 AM Mar. 8th 11:09 AM 25d 18h 28m
Kept at 4 C Feb. 16th 7:40 AM Mar. 14th 11:09 AM 31d 18h 28m

The ISS Nanolab was kept at a constant 4 C from deorbit throughout splashdown, retrieval and transportation back to the Florida Tech lab. It was kept at this
temperature for an additional 6 days before being taken apart for sample extraction.
Because of this, the ground-control NanoLab was also refrigerated for the same amount
of time before any sample extraction for the same amount of time after its 26 days
of incubation to ensure fidelity to the previous method. For a general description of
the procedures of handling after the flight NanoLab was retrieved from NASA see
Appendix C.
The ISS NanoLab was sealed with locktite to ensure complete containment when
inside the ISS. This made the breakdown process a bit more difficult. Figure 4.1 is an
image taken once the outer shell was removed. This image shows the general structure
and alignment of all the vials, stepper motors, wires, and PC boards.
The four bolts holding the top and bottom support structure together were removed. The vials were then carefully unscrewed from the stepper motors that were
mounted to the top support structure, being careful not to disturb the position of the
loading piston. All the wires were unplugged. The top peak support could now be
examined to see if all the stepper motors had fully actuated their respective loading
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Figure 4.1: This figure displays what was first seen after the protective and insulating case was removed. It shows the general structure and alignment of the vials,
stepper motors, wires and PC boards inside the Nanolab.

Figure 4.2: This figure displays the top peak support which helped hold the vials in
place. The stepper motors stick through each vials slot clearly showing vial positions
5, 6 and 8 were actuated into their vials.

pistons. Looking at Figure 4.2 it is clear that only 3 of the vials actuated while on
orbit in the ISS.
Each of the nine vials were placed in individual plastic bags that were labeled
with the vial’s position and then stored in a 4 refrigerator. We prioritized by opening
the vials 5, 6 and 8 because they showed signs of actuation. Using the screw and the
technique described in section C.1 we slowly extracted the loading pistons and took
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Figure 4.3: This figure displays how the loading piston is slowly un-actuated from
inside the vial assembly.

samples from inside these vials. We extracted the loading pistons for every vial which
confirmed that only 3 vials actuated properly. The solution inside the loading piston
slots of vials 5 and 8 seemed to be more viscous than the majority of the solution
inside the vial. This can be seen for vial 5 in Figure 4.4. A sample of the solution
from the loading piston slot was taken for vials 5 and 8.

Figure 4.4: Following the full extraction of the loading piston, the solution inside
the vial and the gelatinous solution inside the slot of the loading piston were clearly
visible. Both solutions were sampled for imaging.

The heater control circuit kept the solution inside each vial near the set-point
temperature of 55 C. After the thermocouple analog signal was converted to a digital
number which was then scaled to a temperature reading. This temperature reading
allowed for the microcontroller to maintain the set-point temperature within 1.5 C.
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Figure 4.5: The temperature profile of each vial within the ISS NanoLab. When
each heating wire was activated, it is clearly shown in this figure. The NanoLab was
unplugged after 25 days and 18 hours of continual use.

As shown in Figure 4.5 the wires around each vial were properly heated at the time
of each vial’s actuation. Vial 1 was a control which was never heated to the set-point
temperature and shows the ambient heating, around 35 C, due to the adjacent vials
and the incubation of the whole NanoLab. This ambient temperature was a little higher
than expected but previous testing showed that fiber growth would not start until the
temperature was greater that about 45 C. Vials 2 through 9 show proper heating for
di↵erent amounts of time. Although the heater system raised the temperature of the
solution to 55 not every vial actuated properly. The vial numbers do not attribute to
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the actuation and heating time but to the the position inside the NanoLab assembly
and which stepper motor it was attached to. Three vials actuated fully; Vial 6 was
incubated properly for 2 days, vial 8 for 8 days, and vial 5 for 15 days. These three vials
still give us good coverage of the 3 stages of fiber formation. First, before fibers form
and only monomer, colloid and nucleation units are present. Second, the beginning of
fiber formation. Third, the formation of a gel because fibers are the dominant structure
and interweave with each other. These are the general morphological changes that are
seen as explained in (Woodard et al., 2014).

Figure 4.6: Vial number 8, 8 days of incubation. No dilution. 5µm by 5µm field
of view.

Figure 4.6 shows that protein fibers are clearly able to form in vitro in a weightless
environment. This image of a sample that incubated for 8 days, and the other two
samples that were actuated are explained in chapter 6.
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Chapter 5
The Ground-Control Experiment

5.1

Time Frame and Handling

The ground control (GC) NanoLab only contained 8 vials with one thermocouple
suspended in the position of the missing 9th vial to measure ambient air temperature.
After the complete assembly and sample loading of the GC NanoLab, it was plugged
into a USB converter of an uninterrupted power supply (UPS) inside of the laboratory
at Florida Tech. The initial plug in date was February 10th at 4:41 P.M. EST The
ISS NanoLab was plugged into the NanoRack’s backbone and received 2.0 Watts of
power for 25 days 18 hours and 28 minutes. In order to match this the ground-control
experiment was unplugged on March 8th at 11:09 AM EST as seen in table 5.1. The
GC NanoLab was then cooled to 4 C and kept at that temperature for 6 days.
Table 5.1: NanoLab Procedural Timeline

Action
ISS NanoLab
GC NanoLab
Total Time Elapsed
Plugged In
Jan. 13th 1:22 PM Feb. 10th 4:41 PM
0d 0h 0m
Unplugged
Feb. 8th 7:40 AM Mar. 8th 11:09 AM 25d 18h 28m
Kept at 4 C Feb. 16th 7:40 AM Mar. 14th 11:09 AM 31d 18h 28m
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Figure 5.1: Temperature profile of each vial within the GC NanoLab. When each
heating wire was turned on is clearly shown. The NanoLab was unplugged after 25
days and 18 hours of continual use.

In the GC NanoLab locktite was not used which made the dis-assembly process
easier. 7 out of 8 vials actuated in the GC NanoLab. Removing the GC NanoLab from
the refrigerator, the vials were unscrewed from the stepper motors just as section 4.1.
Each vial was placed in a labeled bag and placed back in the refrigerator if 200µl of the
sample was not being extracted. The actuation and heating times were accidentally
switched in this NanoLab as seen from Figure 5.1. This made the last 4 vials which
were incubating at the same time stop short of their time by 1.25 days when the
NanoLab was unplugged from the UPS. These 4 vial positions were di↵erent than the
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Figure 5.2: GC, 9 days of incubation. No dilution. 5µm by 5µm FOV.

4 vials that were cut short on the ISS. The ambient air temperature inside the GC
NanoLab was around 35 C which again was higher than expected.
The dry protein once introduced to the bu↵er solution di↵used entirely and left no
residual viscous opaque gel behind in the slot of the loading piston. Just like in the ISS
NanoLab the heater control circuit in the GC NanoLab kept the solution inside each
vial near the set-point temperature of 55 C ± 1.5 C for its incubation time. After a
few days of incubation fibers were found in all the vials that properly actuated. Figure
5.2 shows and example of some of the fibers formed in the GC NanoLab vials. The
GC samples which were incubated for the same amount of time as the ISS samples are
compared in detail in chapter 6.
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Chapter 6
Results and Discussion

6.1

Image Comparisons

Images of the lysozyme solution from both the GC and the ISS settings show the
gradual steps of self-organization that lysozyme undergoes. Comparing these images
shows the di↵erences in lysosyme aggregation between the two settings at three crucial
stages of fiber formation: nucleation, fiber formation, and the formation of soft gel.
The three vials that properly actuated in the flight NanoLab are therefore compared
to the GC samples which were incubated near the same amount of time. There was
a small time o↵set due to the sample schedule being reversed between the ISS and
GC experiments. This small time di↵erence does not have much of an impact on fiber
morphology.
These images are used to see the changes of protein aggregation over time and
compare the ISS and GC settings. Some of these defining characteristics can only be
seen when the FOV is decreased and a zoomed in view is seen. The images in sections
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6.1.1, 6.1.2, and 6.1.3 show successively decreasing FOV’s to show these di↵erences in
more detail.
The density of protein that is extracted from the vials after incubation is highly
dependent on the location of the pipette tip while extracting and the non-uniformity of
protein concentration throughout the protein bu↵er solution. When too much protein
is extracted there is a protein layer which adheres to the mica substrate either covering or surrounding protein structures. This makes it difficult to see smaller protein
structures and characteristics covered by the blanket of protein molecules. In order to
counteract this a higher dilution of the sample is sometimes used to remove the protein
layer and to better see the definition of the fibers without changing their morphologies.
Figures 6.1, 6.2, and 6.3 compare ISS samples in the left column to the GC
samples in the right column with the same FOV and similar incubation times. The
ISS fibers have qualitative and quantitative di↵erences from those formed in vitro in
the GC experiment.

6.1.1

2 Days of Incubation

Figure 6.1 shows the di↵erence in protein aggregation, at around 2 days, between
the flight NanoLab and the GC NanoLab. The left images show protein which selfassembled in weightlessness. Many large colloidal aggregates formed in weightlessness
which is not seen in the GC sample. These protein aggregates or nucleation units
are uniformly spread out through the mica slide and are ⇡5 nm in height on average.
The GC sample already show long helical lysozyme fibers interacting with each other.
These fibers in the GC sample are not very tall or wide and seem to be fibers formed
by lysozyme monomers. A higher dilution had to be used to remove the protein layer
and reveal the fibers of the GC sample.
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(a) ISS, 2 days of incubation. No dilution. (b) GC, 3 days of incubation. 100x dilu20µm by 20µm FOV.
tion. 20µm by 20µm FOV.

(c) ISS, 2 days of incubation. No dilution. (d) GC, 3 days of incubation. 100x dilu10µm by 10µm FOV.
tion. 10µm by 10µm FOV.
Figure 6.1: Comparison between ISS and GC fibers with about the same incubation time (3 Days) and di↵erent FOVs to see large and small di↵erences in fiber
morphology. (‘Wide-field’ view)

35

(e) ISS, 2 days of incubation. No dilution. (f ) GC, 3 days of incubation. 100x dilution.
5µm by 5µm FOV.
5µm by 5µm FOV.

(g) ISS, 2 days of incubation. No dilution. (h) GC, 3 days of incubation. 100x dilu2µm by 2µm FOV.
tion. 2µm by 2µm FOV.
Figure 6.1: Comparison between ISS and GC fibers with about the same incubation time (3 Days) and di↵erent FOVs to see large and small di↵erences in fiber
morphology. (‘Small-field’ view)
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6.1.2

8 Days of Incubation

Figure 6.2 shows the di↵erence in protein aggregation at around 9 days between the
flight NanoLab and the GC NanoLab. The left images show protein which selfassembled in weightlessness versus in the GC NanoLab on the right. The fibers formed
in weightlessness are very short and thick. The uniformity of the fiber length suggests
that they were not sheared by ice crystals if the refrigerated packaging for travel got
below 0 C. The GC sample shows long helical lysozyme fibers interacting with each
other. The fibers formed in the GC sample are long, helical and thick which is a sign of
fibers wrapping around each other. The 20µm by 20µm FOV for the GC sample shows
an artifact of washing and drying mica slides that can happen if too much nitrogen
gas is used to dry the sample. A 10x dilution is used for the ISS sample to remove the
protein layer which sometimes covers the protein structures. A list of major di↵erences
at this time frame:

• The lengths of the fibers formed in weightlessness are shorter.
• The thickness, including height and width, of the fibers formed in weightlessness
are larger.
• Helicity is still present in the fibers formed in weightlessness but not to the same
degree as the fibers formed in the GC setting.
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(a) ISS, 8 days of incubation. 10x dilution. (b) GC, 9 days of incubation. No dilution.
20µm by 20µm FOV.
20µm by 20µm FOV.

(c) ISS, 8 days of incubation. 10x dilution. (d) GC, 9 days of incubation. No dilution.
10µm by 10µm FOV.
10µm by 10µm FOV.
Figure 6.2: Comparison between ISS and GC fibers with about the same incubation time (9 Days) and di↵erent FOVs to see large and small di↵erences in fiber
morphology. (‘Wide-field’ view)
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(e) ISS, 8 days of incubation. 10x dilution. (f ) GC, 9 days of incubation. No dilution.
5µm by 5µm FOV.
5µm by 5µm FOV.

(g) ISS, 8 days of incubation. No dilution. (h) GC, 9 days of incubation. No dilution.
2µm by 2µm FOV.
2µm by 2µm FOV.
Figure 6.2: Comparison between ISS and GC fibers with about the same incubation time (9 Days) and di↵erent FOVs to see large and small di↵erences in fiber
morphology. (‘Small-field’ view)
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6.1.3

15 Days of Incubation

Figure 6.3 shows the di↵erence in protein aggregation at around 15 days between
the flight NanoLab and the GC NanoLab. The left images show protein which selfassembled in weightlessness versus in the GC NanoLab on the right. The fibers formed
in weightlessness are very short and thick. The uniformity of the fiber length suggests
that they were not sheared by ice crystals if the refrigerated packaging for travel got
below 0 C. The GC sample show many long helical lysozyme fibers interacting with
each other. The fibers formed in the GC sample are long, helical and thick which is a
sign of fibers wrapping around each other. The GC sample is at the point where the
protein bu↵er solution starts to turn into a soft gel. A list of major di↵erences at this
time frame:

• The lengths of the fibers formed in weightlessness are shorter.
• The thickness, including height and width, of the fibers formed in weightlessness
are larger.
• Helicity is still present in the fibers formed in weightlessness but not to the same
degree as the fibers formed in the GC setting.
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(a) ISS, 15 days of incubation. No dilution. (b) GC, 13.75 days of incubation. No dilu20µm by 20µm FOV.
tion. 20µm by 20µm FOV.

(c) ISS, 15 days of incubation. No dilution. (d) GC, 13.75 days of incubation. No dilu10µm by 10µm FOV.
tion. 10µm by 10µm FOV.
Figure 6.3: Comparison between ISS and GC fibers with about the same incubation time (15 Days) and di↵erent FOVs to see large and small di↵erences in fiber
morphology. (‘Wide-field’ view)

41

(e) ISS, 15 days of incubation. No dilution. (f ) GC, 13.75 days of incubation. No dilu5µm by 5µm FOV.
tion. 5µm by 5µm FOV.

(g) ISS, 15 days of incubation. No dilution. (h) GC, 13.75 days of incubation. No dilu2µm by 2µm FOV.
tion. 2µm by 2µm FOV.
Figure 6.3: Comparison between ISS and GC fibers with about the same incubation time (15 Days) and di↵erent FOVs to see large and small di↵erences in fiber
morphology. ‘Small-field’ view
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6.2

Quantitative Analysis

It is easy to qualitatively see the di↵erence between the samples formed in the two
di↵erent settings. To quantify the di↵erence height, width, length and helicity were
measured. These values were measured with the PicoView software. Three measurements were taken of each characteristic along each fiber in order to calculate average
values. These average heights, widths, and lengths were then graphed to show the
di↵erences in fiber formation in the two settings. These graphs demonstrate the major
di↵erences listed above. The following histogram Figures 6.4, 6.5, 6.6 show the relative
heights, widths, and lengths of the lysozyme fibers formed in 1g and 0g. The ISS and
GC fibers are plotted on the same histograms with the number of fibers that fit into
specific sized bins. Figure 6.4 shows that the majority of fibers formed in GC (red)
were on average between 2-3 nm in height, while the fibers formed in weightlessness
on the ISS averaged between 5-6 nm in height. The nucleation units found in the
initial ISS images (2 days of incubation) were also on the order of ⇡5nm and are
good candidates for the building blocks of the fibers formed in weightlessness because
of the similar height. Figures 6.5 and 6.6 compare the two setting in the same way
but display the di↵erence between average fiber widths and lengths. Helicity was also
qualitatively measured and showed an overwhelming trend of GC fibers being helical
and ISS fibers having little to no helical traits (repeating open helical pattern which
shows up as a sinusoidal curve in these 2 dimensional images).
In general, when fibers are formed, the lengths of the fibers in weightlessness are
shorter. This is shown in Figure 6.6. The thickness, including height and width, of the
fibers formed in weightlessness are larger, shown in Figures 6.4 and 6.5. Helicity is still
present in the fibers formed in weightlessness but not to the same degree as the fibers
formed in the GC setting. Because of the limited number of vials that actuated in the
flight NanoLab it is difficult to decipher a time at which the fibers initially began to
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form. Although, it is after 3 days and before 8 days making fiber formation slower in
weightlessness because fibers must have started forming earlier than 3 days in the GC
NanoLab.

Figure 6.4: This graph shows the average heights of many lysozyme fibers formed
in weightlessness and in 1g. The fibers formed in weightlessness are on average ⇡5
nm in height while fibers formed under the influence of gravity have an average
height of ⇡2.5 nm.
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Figure 6.5: This graph shows the average widths of many lysozyme fibers formed
in both settings. The fibers formed in weightlessness are wider on average.
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Figure 6.6: This graph shows the lengths of many lysozyme fibers formed in both
settings. The fibers formed in weightlessness are much shorter and are less that 1µm
on average while fibers formed under the influence of gravity are at least 5µm . The
FOV used for these measurements was 5µm by 5µm, so anything larger than the
FOV is just labeled as 6µm.
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6.3

Discussion

To begin the experiment the dry lysozyme powder is injected into the stock bu↵er
solution with the loading piston. The lack of powder in the filling slot indicated
it was fully dispersed into the bu↵er solution for the GC experiments. This is an
assumption because there was no viscous protein gel left behind in the filling slot of
the loading piston. The protein seemed to have properly dissolved and di↵used though
the solution. The ISS NanoLab had the same actuation procedure, the only di↵erence
being in weightlessness.
There were several issues that occurred in the ISS NanoLab experiment. First,
most of the stepper motors failed to actuate the loading piston all the way into the interior of vials allowing the protein to come in contact with the bu↵er solution. Second,
the actuation and heating time schedule got reversed which does not e↵ect the result
because the vials would still incubate for the same amount of time. Third, in the vials
that incubated for longer periods of time a viscous opaque gel was left behind in the
filling slot where the protein was supposed to dissolve and di↵use away from. The last
issue I speculate may be related to the transport process of the protein molecules in solution. This process being di↵erent when under weightlessness rather than being under
the influence of an acceleration (gravity). The simplified convection-di↵usion equation
from (Stocker, 2011), describes the motion of particles within an incompressible fluid,

@n
= Dr2 n
@t

~v · rn

where;
• n = the concentration of lysozyme
• D = the di↵usion coefficient or di↵usivity
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(6.1)

• ~v = the average velocity the quantity is moving.

D=

KT
= 2.386 ⇥ 10
6⇡⌘r

10

[

m2
cm2
] = 2.386 ⇥ 10 6 [
]
s
s

(6.2)

where;

• K = the Boltzmann constant = 1.380658 ⇥ 10

23

[JK

1

]

• T = Temperature = 55 C = 328.15 [K]
• ⌘ = the viscosity constant = 0.0005036 [Pa·s] for water at 55 C (Cooper and
Dooley, 2008)
• r = radius of di↵using particle = 2 [nm] = 2 ⇥ 10

t=

9

[m] (Woodard et al., 2014)

x2
= 52, 380[s] = 873[min] = 14.6[hours]
2D

(6.3)

where;

• t = total time for di↵usion [s]
• x = distance colloidal particle travels = 5 [mm] = 0.5 [cm]
The first term in Equation 6.1 represents di↵usion while the second represents
advection. On the ISS the second term drops out, or becomes negligible, because the
dominant form of advection, buoyancy (Rayleigh convection), is not present in weightlessness (Benedikt, 1961). This is because Rayleigh convection requires an acceleration.
There are other forms of advection, which may not allow the term to become negligible, such as Marangoni convection. This is caused when there is a gradient across
48

surface tensions, but this does not become dominant unless the solution dimension is
smaller than 1 mm (Molenkamp, 1998), our sample is on the order of 1 cm in size.
The di↵usion constant is also lower than if the experiment was ground-based. These
conditions show us that, even if the lysozyme protein dissolves fully into the stock
bu↵er solution, there could be a large concentration gradient of lysozyme within the
vial. The dry lysozyme originally inside the loading piston may not have been able to
mix into the stock bu↵er solution uniformly. This process may make the initial stages
of fiber formation on the ISS di↵erent from that of the GC experiment. The simple
di↵erence in particle transportation could be the reason why the fiber morphology is
so di↵erent from one setting to the other.
In equation 6.2 (Brinckmann, 2008) the di↵usion coefficient is calculated for a
lysozyme molecule traveling through the bu↵er solution at 55 C. The viscosity of water
at 55 C is used because it makes up the majority composition of the bu↵er solution.
The radius of the particle is changed to 2nm which is found to be a good estimate for
the lysozyme molecule size (Woodard et al., 2014). This assumes a lysozyme molecule
acts lose to a spheircal particle in solution.
In equation 6.3 we see that the time would take for a lysozyme particle to di↵use
from the center of the vial throughout all of the bu↵er solution is 14.6 hours. This
equation is used to find this value is Einstein’s random walk theory (Brinckmann,
2008). Since di↵usion dominates colloidal transportation in weightlessness, this timeframe shows us what could be the crucial point at which the major changes in initial
protein aggregation and fiber formation occurred. The importance of this time frame
becomes clear when the length of time for observed lysozyme transportation in the GC
experiment is much shorter because of convection.
Another study on colloidal transportation and self-organization was conducted
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in 2007 (Tabony et al., 2007). Their results showed that when dealing with selforganization, weightlessness has major e↵ects on transport and orientation of colloidal
particles. The transport of particles in vivo or in vitro in weightlessness seemed to have
been inhibited throughout the test period. Whether or not the transport of particles
was fully inhibited or slightly slowed down is dependent on many variables. Some of
these include the shape of the vial from which the self-organizing process takes place,
the shape of the structures which are self-organizing, and the amount of air within
the container. Figure 6.7 shows this inhibition process in the first crucial stages of
self-organization (Tabony et al., 2007). This experiment used micrometer sized particles in solution to show the di↵erence in colloidal movement between identical samples
in weightlessness and 1g. As depicted in the image, the di↵erences of particle transportation is notable. This provided insight regarding possible inhibition of lysozyme
transportation.
Proteins changing from soluble monomers to linear polymers (fibers) can be
caused through several ways; di↵usion, convection and growth. In weightlessness
convection is no longer a factor, so the other two cases have to dominate protein
propagation through a fluid (Cohen et al., 2014). A study done by the Experimental Soft Condensed Matter Group at Harvard University, shows how soluble proteins
can spontaneously form fibers in solution through di↵usion and growth. They discuss
very detailed equations5 for both aggregation and spatial propagation methods for
proteins dominated either by growth of the ends of fibers or through di↵usion. The
Harvard group came to the conclusion that both mechanisms need to be accounted
for in protein aggregation but one can be more dominant than the other depending on
the type of protein which is self-organizing. The discussion regarding di↵usion and the
aggregation process bears relevance to the SABOL experiment because it is di↵usion
5

http://weitzlab.seas.harvard.edu/files/weitzlab/files/2014_prl_cohen_spatial_
propagation_of_protein_polymerization.pdf
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Figure 6.7: This image from (Tabony et al., 2007) shows the slowed transport of
colloidal self-organization due to the sample being in weightlessness. 0.8 µm diameter polystyrene particles are used for microtubule self-organising processes in their
experiment. Column A represents particles in 1g while column B represents particles
in weightlessness. The particles are clearly inhibited at the crucial beginning stages
of self-organization.

limited in weightlessness. Secondary processes can expedite the aggregation process,
such as fragmentation (breakage of existing fibers), and heterogeneous nucleation when
surfaces catalyze aggregation (Cohen et al., 2014). All of these processes which encourage self-organization may occur in the absence of gravity even though di↵usion
may be hindered. This is verified by fiber formation in our polypropylene vials inside
the NanoLab which was stationed on a rack inside the ISS.
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Figure 6.8: This figure shows how colloids in weightlessness rapidly change from
a uniform concentration to high gradients of concentration throughout the entire
sample because of spinodal decomposition (Bailey et al., 2007). The samples are 2
cm in diameter and make up the first 5 images of the figure. The last image is a
picture with higher resolution to show the interface between a point of low and high
colloidal concentration.

If we assume that the protein was introduced properly to the bu↵er solution during the flight experiment and the protein di↵used uniformly throughout the vial other
physical changes could have occurred in weightlessness. Another study done by the
Harvard group (Bailey et al., 2007) shows that in weightlessness colloids uniformly distributed in solution rapidly undergo spinodal decomposition. Meaning the attraction
of the colloids and unbalanced osmotic forces (pressure of water because of di↵erent
concentration gradients of particles) creates areas where colloidal concentrations are
lower or higher adjacent to each other. Once again, this study relates to the SABOL
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research because of the dissolved lysozyme in the bu↵er solution. This seems to counteract or slow di↵usion which naturally moves colloids from higher concentration to
lower concentration until homogeneity is reached. This rapid process can be seen in
Figure 6.8. If this process took place before fiber formation, the fibers that would
form would have began their formation process with much higher protein concentrations than intended. The time this process takes is short enough that it could occur
before fibers are normally formed or the protein is uniformly distributed. This may
help to explain the thicker fibers found in the ISS samples compared to the thinner
(smaller in height) GC fibers. It should be noted that the Harvard experiment started
with uniformly distributed colloids and not soluble proteins. I attempted to overcome
this by changing the radial component of the di↵usion coefficient to the molecular size
of lysozyme in the equation previously discussed.

6.4

Observations

When there is a gravitational field and not in weightlessness buoyancy exists in a fluid
environment such as the one in the GC experiment. When there is an injection of
a high concentration of protein powder, denser than the surrounding bu↵er-solution,
there is a small directional force exerted on all the protein. In weightlessness this directional force is absent. Self-organization of the protein occurs in both environments
of this experiment. However, the di↵erences observed in the morphology of the protein fibers suggests that the first few stages of aggregation are dependent, at least in
some degree, on gravity, and all the factors that depend on gravity such as natural
non-forced convection. In the ISS NanoLab the reaction-di↵usion system could have
been inhibited in the early stages of self-organization before fiber formation. Brownian motion and di↵usion may have become the dominant factor in the self-assembly
process. Because natural convection is not present in weightless aggregation, the fiber
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formation undergoes di↵usion limited aggregation. As soon as the aggregates grow
the radius “r” of the aggregate increases, the di↵usive coefficient “D” decreases, and
the time “t” it takes for the aggregate to travel through the bu↵er solution increases.
E↵ectively, when the aggregates increase in size their di↵usive motion slows down. Due
to this occurrence, at later stages of development immobile aggregates grow only by
capturing the faster moving single particles (Veen et al., 2012). In weightlessness the
self-organization of the larger fibers over time becomes dominated by growth of small
particles moving into them (Cohen et al., 2014).
One of the factors that limited the overall data collection within the experiment
occurred when not all of the loading pistons fully actuated into the bu↵er solution
during the flight. Although lubricant was applied to try and prevent this from happening it seems the friction was too great for the stepper motors to work properly. We
believe this could have been caused by the NanoLab sitting for an extended period
of time at KSC due to launch delays which may have allowed static friction to build
up between the loading piston and the bushing, or perhaps not enough lubricant was
used. This problem can be solved in the future by changing the interior design of the
NanoLab to accommodate larger stepper motors. These motors can apply more force
on the loading pistons and almost guarantee a full actuation of the loading piston filled
with protein into the bu↵er solution. The heaters and thermocouple worked very well.
Therefore, if the actuation problem is solved a more detailed time series of protein
aggregation may be reached in weightlessness. In such a future case we would be able
to see initial fiber formation as well as what happens after extended incubation times.
For example, maybe “soft” gels turn into “hard” gels as seen in ground experiments
after about 30 days. The time frame available for study would most likely be extended
because initial fiber formation seems to take longer in weightlessness.
To summarize, protein fiber formation still occurs in the extreme environment of
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weightlessness. If convection is removed, even though it can be up to 1,000 times more
e↵ective at transporting material through solution than di↵usion (Brinckmann, 2008)
depending on the size of the material, protein self assembly will still continue. This
shows us that without total removal of the initial nucleation structures, aggregation will
continue and eventually create macroscopic structures such as plaques and gels. These
plaques and gels are believed to be related to neurodegenerative diseases when the
protein is tau or Amyloid- . These aggregates may slow down particle transportation
in the brain whether they be nutrient or waste products (Woodard et al., 2014; Ili↵
et al., 2012).
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Chapter 7
Conclusion
In order to advance the biological study or self-organizing and self assembling processes
with proteins, the SABOL project has conducted an extensive experiment that required
the design and creation of a functional, autonomous NanoLab to accurately replicate
ground based studies and provide insight into the e↵ects of weightlessness on the
growth of amyloid fibers. The experiment was successfully conducted within similar
time parameters on the ISS and in the KSC laboratory at Florida Tech. The primary
objective of creating protein fibers in a weightless environment was achieved. Data
from this experiment, while still under analysis, has revealed several interesting facts
concerning fiber growth in various conditions that may be important in the ongoing
study of neurodegenerative diseases.
Major di↵erences in fiber morphology were observed in the ISS samples. These
di↵erences include the diversity in protein fiber height, width, length, and helicity. This
shows the influence of gravity and the physical fluid dynamics it creates. The changes
seen are very di↵erent from what we hypothesised. Originally it was believed that
the fibers would stay in solution for much longer becoming much longer and forming
more complex structure than seen in ground-based experiments. Much shorter and
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taller/thicker non-helical fibers were formed in weightlessness. One explanation could
be linked to di↵usion in weightlessness not creating a uniform protein concentration
after actuation of the loading piston with the dry lysozyme into the bu↵er solution. In
the GC NanoLab and previous ground-based experiments the lysozyme di↵used quickly
through the bu↵er solution and fibers begin to form days after during incubation. A
large concentration gradient would create a di↵erence in initial parameters before selfassembly of the protein and fiber formation, which could explain the morphological
changes of the fibers formed in weightlessness. One thing is clear, the kinetics of
amyloid aggregation are dependent on the conditions and parameters of incubation.
This experiment lays the ground work for future research into this topic. Such
research may be assisted by improving the design of the NanoLab to ensure optimal
operation and enhanced data collection. It is important to note that a significant
step has been taken by this project in providing a functioning biological laboratory on
the ISS. The growth of the lysozyme protein was studied and used as a template for
the proteins naturally occurring in the brain such as tau and amyloid- . Hopefully,
future researchers will build on the results of this project to further explore the role of
self-organizing proteins and their role in neurological functions.
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Appendix A

A.1

Initial Cleaning Process

• Clean all parts for one of the NanoLabs.
• Setup lab so that all equipment is easily accessible.
• Each polypropylene piece will be cleaned using disinfecting soap and a scrub
brush, then thoroughly washed with water to remove any soap or grim left on
the surface.
• Every part of the NanoLab that will be in contact with the bu↵er solution and
Lysozyme powder is cleaned with an ultrasonic cleaner. Each piece is submerged
in Deionized water and ultrasonically cleaned for 180 seconds.
• Each piece is then wiped down with alcohol and allowed to dry.

61

Appendix B

B.1

Preparing the Vials

Once dry, the nine polypropylene vials are constructed individually as such:

• The X-rings are installed in the correct grooves on the loading piston and floating
piston, then greased with Krytox RFE PFPE Lubricant (chemically inert). The
grease was tested and found to be inert with our sample and fiber formation
occurred.
• The O-rings are installed in all the correct grooves on the bushing and also
greased.
• A thermocouple is installed inside the polypropylene cap in the center of the
floating piston, with thermal paste, Loctite 770 Primer and Bondit B-4811 Reltek
adhesive (epoxy).
• The floating piston is placed in the polypropylene vial at the bottom.
• Enough HCl-glycine-deionized water bu↵er solution (around 2.5ml) is added to
each vial to achieve a concentration of 20mg/ml of Lysozyme.
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• The lysozyme powder (as much as possible, around 50 mg) is added to the filling
slot on the outside of the loading piston.
• The loading piston is placed inside the bushing to seal the lysozyme powder in
the filling slot.
• The bushing with the loading piston inside it is then greased.
• The floating piston is pushed upward until it is 0.7 inches or 1.78 cm from the top
of the vial. This measurement is found to be the perfect position to allow most
of the bu↵er solution to stay in the vial when the bushing and loading piston are
pressed down to seal the vial.
• The bushing is now pressed downward so that the O-rings create a seal at the
top of the vial. The floating piston will move downward because the solution is
incompressible. A small amount of bu↵er will leak at the top showing us that
there are no air bubbles in the vial before actuation.

B.2

Assembly

• All nine stepper motors are installed into the top peak support structure.
• Each vial has several layers that wrap around them which include:
– On the exterior of the polypropylene vial a graphite mesh will cover the
surface.
– On top, the graphite Heating Wires (made from Nicrom) will be evenly
wrapped around to ensure even heating of solution.
– Kapton Tape will be used to hold these layers in place.
– A layer of Aerogel will be cut to shape and installed on top of this tape.
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– Another layer of Kapton tape will cover this Aerogel.
– Aluminum tape for a radiation barrier will be installed on top of this Kaptan
tape.
• Each vial is now screwed into their respective stepper motor actuation arm in
the top peak support.
• This assembly is now be placed on the bottom peak support structure and these
supports, with nine vials and stepper motors, are now be secured by large bolts.
• The top PCB is placed over the top of the stepper motors and screwed in place.
• The Stepper Motors are now plugged into their respective ports on the top PCB.
• All nine heating wires and thermocouples will be plugged into their respective
ports ( Heating Wires : middle ports, Thermocouple : side ports) on the inside
of the side PCB. The side PC Board is now installed on the front of the vial and
support structure assembly mating with the connector on the top PCB.
• Kapton tape is wrapped around the whole vial assembly to ensure all the wires
stay in position and take up the least amount of space as possible.
• The whole assembly (PCB, Peak Support structure, Nine Assembled Vials) is
now placed inside the aluminum shell.
• Two outside plates seal this aluminum shell on either side. The front plate has a
hole so that the USB port may stick through it for accessibility. The rear plate
has a pressure relief valve.
The NanoLab is now completely configured and ready for 2 Watts of power at 5
Volts to be applied through the USB port.
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Appendix C

C.1

Preparation for Data Analysis

This section describes the necessary work after the flight NanoLab is returned to the
laboratory at Florida Tech and the ground-control NanoLab is disconnect from power
from the UPS for the GC experiment. After the ISS NanoLab was shipped to our lab
from Houston Texas the process of extracting the incubated solution was the same for
both NanoLabs.

1. The NanoLabs are taken apart in the reverse order of section 3.2 but leaving the
polypropylene vials fully constructed and sealed.
2. A screw is placed in the loading piston, this allows the loading piston to be
carefully extracted from the vial assembly (slide up and out of the bushing)
leaving a large opening in the bushing. The incubated solution is no longer
sealed and can be extracted.
3. Remembering to cut the tip of the pippette to ensure no destruction of the
protein structure a pippette is used to extract 200 µl of the incubated solution
(whether it be viscous or non-viscous) and placed into a micro-centrifuge tube.
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4. This incubated Lysozyme-HCl-Glycine solution in the micro-centrifuge tubes is
diluted (0x,10x,100x,1000x, and 10000x) and placed into more separated microcentrifuge tubes and labeled by the date and their respective dilution.
5. The undiluted and diluted samples are pipetted out of these micro centrifuge
tubes onto clean mica sheets (3cm by 2cm). The top layers of the sheets have
been pulled o↵ to reveal a clean layer and it has been pre-charged with NH4.
6. After pipetting the micro-centrifuge tubes are placed into the refrigerator at 4 C
to insure preservation and no further aggregation of the Lysozyme protein for
future sampling.
7. These mica slides are washed with Deionized water and dried to insure only the
protein is left behind stuck to the substrate.
8. Each mica slide with its respective sample is contained inside its own small petri
dish to avoid contamination. Every petri dish is labeled by the date, which vial
it came from, and dilution of the sample and placed in a plastic shelving unit for
organization.
9. Thorough imaging of the samples on these mica slides is done using an atomic
force microscope (AFM).
10. The AFM uses a small cantilever (on the nm scale) to drag across the surface
of the mica sheet and detect atomic forces as it approaches objects on top of
the flat surface. These detections are translated into a topographical image (See
section 2.3 for more details about the AFM).

The incubated solution is now prepared for analysis as discussed in detail in
chapter 6.
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